A 4589 bp DNA segment containing the Escherichia coli panBCD gene cluster was sequenced, and found to contain 6 complete open reading frames. panB, par&, and panD were identified by subcloning and insertional mutagenesis. The orientation of panD was also confirmed by orientation-specific expression of aspartate-1-decarboxylase. panB and pad lie adjacent to one another, but are separated frompanD by orf3, which is oriented in the opposite direction. Interruptions in the remaining open reading frames did not affect growth on glucose-minimal medium. No significant similarity to sequences in databases was found for orfl and orf2.Orf3 contained extensive similarity to reading frames defined by E. coli yjiP, yjiQ, yhgA, and yafD. The function of these amino acid sequences is as yet undefined.
Introduction
Pantothenate is a precursor of coenzyme A which serves in the energy metabolism of the cell, and as the prosthetic group of acyl carrier protein, involved in fatty acid metabolism. Biochemical investigations of pantothenate synthesis have revealed a convergent pathway requiring four biosynthetic genes leading to the production of the vitamin (Fig. 1) . One branch of the pathway begins with a-ketoisovaleric acid and requires the successive actions of ketopantoate hydroxymethyltransferase and ketopantoate reductase, encoded by panB and panE, respectively, to form * Corresponding author. Tel. : +l (312) Fax: +l (312) 413-2691; E-mail: brian.p.nichols@uic.edu pantoate. The second branch consists of the single reaction of aspartate to p-alanine catalyzed by aspartate-1-decarboxylase, encoded by panD. Pantothenate synthetase, encoded by pane, catalyzes the ATP dependent condensation of pantoate and B-alanine to form pantothenate.
E. coli mutants independently harboring lesions in panB, panC, or panD have been isolated [1, 2] and genetic mapping efforts revealed a tight linkage of these three genes at 3 min on the E. coli genetic map. Results of co-transduction studies had further established a clockwise gene order of panB, panD, and pad [2] . panE is unlinked to the panBCD cluster [3] . panB has been previously cloned and sequenced [4] .
Since the available genetic and molecular data suggested the presence of a panBCD operon, we inves-tigated the nucleotide sequence of the region in greater detail, in order to understand the organization and possible coordinate expression of the pantothenate biosynthetic genes.
Materials and methods
LB medium, minimal E medium and supplements were those described in [5] . Antibiotic final concentrations were: ampicillin, 75 j.rg/ml; tetracycline, 20 pg/ml; kanamycin, 75 ug/ml; streptomycin, 100 ug/ ml; chloramphenicol, 20 ug/ml. Additional supplements were: L-amino acids, 20 ng/ml; pantothenate, 24 ug/ml; B-alanine, 20 pg/ml; a-ketoisovalerate, 20 pg/ml; pantoate, 1 uglml; sodium pyrophosphate, 250 pg/ml; thiamine, 17 yglml; 5-bromo-4-chloro-3-indolyl-P-o-galactopyranoside (X-gal), 40 j.rg/ml; and isopropyl-P-p-thiogalactopyranoside (IPTG), 48 ug/ml. Growth of h and Ml 3 phage and preparation of their DNA was accomplished as described [6] . TnlOkan mutagenesis was performed by the procedure of Way et al. [7] . Bacteriophage Plkc growth and transduction was as described by Miller [8] . E. coli strains were constructed either by Plkc-mediated transduction [8] Nucleotide sequences were completed for both strands of DNA using the Sequenase 2.0 kit (US Biochemicals), using templates created by the deletion technique of Dale et al. [9] . Oligodeoxyribonucleotides were obtained from the LMB DNA Synthesis Facility at this University. They were produced on a BioSearch 8700 DNA Synthesizer (New Brunswick Scientific Co.).
Crude cell lysates from E. coli strains were generated by sonic disruption of cells followed by centrifugation to remove cell debris. Protein concentrations were determined using the Bradford dyebinding technique [lo] . The aspartate-1 -decarboxylase assay was as described by Cronan [l] or Williamson and Brown [I 11 , and pantothenate synthetase activity was assayed as described by Miyatake et al. [12] . The T7 RNA polymerase/promoter over expression system of Tabor and Richardson was used as described [13] .
The nucleotide sequence determined here has been deposited with GenBank and has been assigned accession number L17086. 3. Results and discussion 3.1. Cloning the panBCD gene cluster E. coli BN801 (Nal') was infected with h1105 as described by Way et al. [7] and kanamycin resistant colonies were selected. One strain (designated BN803) that required pantothenate for growth on minimal medium also grew well when supplemented with /3-alanine, but not with a-ketoisovalerate, pantoate, or aspartate, suggesting that the lesion blocked the aspartate-1-decarboxylase activity encoded by panD. Extracts prepared from E. coli BN803 showed no aspartate-1-decarboxylase activity compared to isogenic panD+ controls (data not shown), confirming the phenotypic analysis.
DNA from E. coli BN803 was digested with &I, and ligated with PstI-digested pUC19 DNA. Ampicillin and kanamycin resistant colonies were selected following transformation of E. coli DHSaF', and the resulting plasmid was designated pWM 14. Complementation tests showed that pWM14 could complement the panC mutation in E. coli AT1371, but could not complement the mutations in panB or panD present in E. coli strains Hfr3000YA139 or AB354, respectively. pWM14 DNA was nick translated and used as a hybridization probe against DNA prepared from the Kohara h library [14] . Hybridization was found with Kohara phages h17Cll and hllC5, which overlap with one another and span the region from 132 to 163 kb on the E. coli map. DNA fragments from these two phage were used to localize the individual pan genes. Fig. 2 summarizes the complementation data using various DNA fragments from h17Cll and hllC5.
As can be seen, two adjacent EcoRI fragments present in pWM15 and pWM22 contained panB, panC and panD. More specifically, panD was found within a 2.5 kb ClaI-EcoRI fragment (pWM27), whilepanB and panC were both contained within a 2.1 kb EcoRI fragment (pWM22). A 2.9 kb P.stI fragment from within the panBCD region present in pWM23 complemented only panC, which further delimited the extent of panD and panB, and established the gene order panD-panC-panB in clockwise orientation on the E. coli chromosome as conventionally presented.
As expected, panB, panC and panD were found tightly linked on the chromosome, but the gene order determined here was unexpected. Previous genetic mapping by Pl transduction revealed tight linkage of the three genes at 3 minutes on the E. coli genetic map, and established a clockwise gene order ofpanB, panD, and panC [2] . The subcloning data clearly establish the gene order panD-panC-panB, and this order was verified by DNA sequence analysis and gene interruption experiments (see below).
DNA sequence analysis of the pun gene cluster
For DNA sequence analysis, the 2.5 kb ClalEcoRI fragment from pWM27 was cloned into both Ml3mpl8 and mp19, and both the 2.9 kb PstI fragment from pWM23 and the 2.1 kb EcoRl fragment from pWM22 were cloned in both orientations in Ml3mpl9.
Additionally, to locate the TnlOkan transposon of E. coli BN803, the BamHIPstI junction fragments from pWM14 were subcloned into Ml3mpl9.
The DNA sequence was determined for the 4589 bp region summarized in Fig.  3 by sequence analysis of nested deletions prepared from each of the Ml3 clones [9] . In certain cases. synthetic oligonucleotide primers were used for se- Table 2 quence determination. Although the clockwise order of the genes on the E. coli chromosome is panDpanC-punB, the direction of transcription is counterclockwise, panB-punC-panD.
Correlation qfopen reuding frames with pun gene complement&ion
Of six open reading frames identified, three corresponded to panB, panC and panD, while three additional potential reading frames (orfl, orfl, and o@) were oriented in the opposite direction.
punB. panB was identified by subclone complementation, insertional mutagenesis, and by sequence identity to the previously sequenced panB [4]. The 2.1 kb EcoRI fragment present in pWM22 complemented both panB and pa&, while the PstI fragment present in pWM23 complemented only panC (Fig. 2) . Therefore, one end of panB lay between the EcoRI site and the PstI site as shown in Fig. 3 . Furthermore, insertion of a cassette encoding kanamycin resistance at the AsuII site destroyed the ability of the plasmid to complement panB, and when the panB::kan interruption was transferred to the chromosome, an auxotrophic requirement that could be satisfied by pantoate was evident.
The sequence of panB from an unspecified strain of E. coli has been reported previously [4] , and is very closely related, but not identical, to that shown for the panB sequence we have determined from BN801, a W3110 derivative. Interestingly, the nucleotide and amino acid sequence differences form a gradient of decreasing divergence with increasing that panD was transcribed in the direction from the distance from the fimbrial-like gene that precedes EcoRI site towards the C/a1 site, as shown in Fig. 3 . panB (Table 2) . Within the fimbrial-like coding reTaken together, the data are only consistent with the gion, the nucleotide sequence differs by 2628%, and assignment of the panD open reading frame, and tapers off to a relatively constant l-2% within 500
argue against the open reading frame designated bp of the end of the coding region. This pattern of or@ as being panD. Interestingly, the transposon divergence might be indicative of a gene that has lay about 30 bp upstream of panD, and thus conbeen selected for diversity, as has been hypothesized ferred the panD phenotype by disruption of expresfor genes encoding antigenically sensitive surface sion, rather than by disruption of the aspartate-lproteins [ 151.
decarboxylase coding region. panC. panC was identified by subclone complementation and by insertional mutagenesis. Insertion of a cassette encoding kanamycin resistance into the BgflI sites (with concomitant deletion of the small BglII fragment) in this open reading frame resulted in derivatives of pWM23 that had lost the ability to complement pa&. When this interruption was recombined into the E. coli chromosome, an auxotrophic requirement for pantothenate was observed which could not be satisfied by either pantoate or B-alanine, a result consistent with that expected from a panC interruption.
Interruption of additional open reading frames
panD. We initially noted that the panD: :TnlOkan transposon in E. coli BN803 lay within orf2, and the insertion only detectably affected the expression of panD. Complementation data indicated that while the ClaI-EcoRI fragment of pWM27 could complement a panD mutation, the cloned CZaI-PstI fragment (pWM53) could not, suggesting that one end of panD (or its regulatory signals) lay between the EcoRI and PstI sites (see Fig. 3 ). Additionally, DNA fragments with a potential frameshift mutation (introduced by filling in the AccI site with DNA polymerase I and religation) continued to complement panD mutant strains.
To investigate the possible functions of the three additional open reading frames, cassettes encoding antibiotic resistance determinants were inserted into plasmids at various locations (Fig. 3) , and recombined into the chromosome of E. coli JC7623. The insertions were then transferred by Pl transduction to a prototrophic E. coli strain (E. coli BN801), and tested for auxotrophic requirements. Insertions in orfl were constructed using the NruI and Asp1 sites, while insertions in or-were constructed using the EcoRI and MluI sites. Disruptions of orfl or orf3 did not affect the ability of the recipient strains to grow on unsupplemented glucose-minimal medium, and other potential phenotypes were not investigated further.
Further evidence for the localization of panD was obtained by orientation-specific expression of aspartate-1-decarboxylase activity. The CZaI-EcoRI fragment was cloned into pT7-5 and pT7-6 to yield pWM27 and pWM28, respectively, and resulted in two plasmids with the panD fragment in opposite orientations relative to the T7 promoter.
E. coli
AB354 (panD_) transformed with pGP-1 (encoding a temperature-inducible T7 polymerase) was also transformed with pWM27 or pWM28. Upon induction of the T7 RNA polymerase, only lysates derived from strains containing pWM27 contained detectable levels of aspartate-1 -decarboxylase, indicating
The amino acid sequence encoded by orf3 falls within a family of E. coli amino acid sequences encoded by yjiP, yjiQ, yhgA, and yfaD. These sequences are reported in the GenBank database, but their functions remain undefined. It may be that or@ is a relative newcomer to this site on the chromosome, having inserted into a preexisting pantothenate gene cluster. In this regard, we have observed 10 bp directly repeated sequences just preceding and near the end of or-that may have served as the target for a duplication-insertion event. These data lead naturally to the hypothesis of ancestral panBCD operon. Confirmation of this hypothesis must await additional study. 
